R egulation of biological events by enzymatic activity is a common paradigm in both normal and pathological states. In atherosclerosis, for example, diverse enzymatic systems mediate plaque stability, 1,2 cell proliferation, 3 and apoptosis. 4 We noted that several groups have identified that important atherosclerotic plaque inflammatory proteins, including a splice variant of vascular cell adhesion molecule-1 (VCAM-1, or CD106), decay-accelerating factor (CD55), and CD59 5, 6 may contain glycosylphosphatidylinositol (GPI) membrane anchors. [7] [8] [9] This raised the possibility that an enzyme that specifically cleaves GPIs might serve a regulatory function in the inflammation characteristic of atherosclerosis.
The only known mammalian GPI-specific enzyme is GPIspecific phospholipase D (GPI-PLD), an 814-amino-acid, N-glycosylated protein. GPI-PLD specifically cleaves GPIs, including those of GPI-anchored proteins. 10 -12 Several lines of evidence suggest that GPI-PLD might participate in regulating inflammation in atherosclerosis. First, both murine and human macrophage cell lines express GPI-PLD activity, 13 and macrophage infiltration is a hallmark of the chronic inflammation of atherosclerosis. 14 Second, both intact GPIs and GPI-PLD-generated cleavage products upregulate macrophage expression of both interleukin-1 (IL-1) and tumor necrosis factor-␣ (TNF-␣), 15, 16 2 inflammatory cytokines believed to participate in human atherogenesis. 17, 18 Finally, GPI-PLD also is carried in plasma on a minor HDL particle, 19, 20 and HDL is present in atherosclerotic plaques. 21, 22 Another feature of the inflammation of atherosclerosis is oxidation, as demonstrated by the presence of oxidation epitopes in atherosclerotic plaques. [23] [24] [25] The source of these oxidation epitopes is not known, but atherosclerotic plaque macrophages express a variety of oxidant-generating enzymes, including myeloperoxidase 26 and 15-lipoxygenase. 24 Because of the link between inflammation and oxidation in atherosclerosis, we hypothesized that GPI-PLD may either promote or be regulated by oxidation.
This report demonstrates that GPI-PLD is present in human atherosclerotic lesions and is expressed by human macrophages. Furthermore, it demonstrates an in vivo relationship between GPI-PLD and oxidation in atherosclerosis and in vitro regulation of GPI-PLD expression by oxidants in a macrophage cell line. Overall, these data suggest that GPI-PLD participates in the pathogenesis of human atherosclerosis.
Methods Human Coronary Arterial Tissue
A total of 83 coronary arterial segments were obtained from 23 hearts removed at the time of cardiac transplantation for either ischemic (nϭ10) or nonischemic (nϭ13) cardiomyopathies. Patient ages at the time of organ removal ranged from 29 to 64 years (median, 52 years) for all patients, 46 to 64 years (median, 52.5 years) for those with ischemic cardiomyopathy, and 29 to 64 years (median, 46 years) for those with nonischemic cardiomyopathies. Arterial tissue was fixed in methanol-Carnoy's fixative. The coronary artery segments were classified according to conventional histological criteria as atherosclerotic or nonatherosclerotic. 27 
Cell Culture

Human Monocyte-Derived Macrophages and HepG2 Cells
Human monocyte-derived macrophages were isolated from volunteer donors by the method of Böyum 28 and cultured on 35-mm plastic dishes (Costar Corp) in RPMI-1640 medium (BioWhittaker) with 2 mmol/L L-glutamine (BioWhittaker) and in the presence of 20% autologous serum for 2 days before use. Cells of the HepG2 human hepatoma cell line [American Type Culture Collection (ATCC)] were grown in DMEM (Gibco BRL) supplemented with 10% FBS (Hyclone). Total RNA was isolated from 7-day-old human monocyte-derived macrophages and HepG2 cells by the guanidinium-isothiocyanate method. 29
J774A.1 Murine Macrophage Cell Line
J774A.1 cells (ATCC) were plated at 0.5ϫ10 6 cells per 35-mm dish and grown to 90% confluence in DMEM (Gibco BRL) supplemented with 10% FBS (Hyclone) containing 25 mmol/L glucose. To examine the effect of oxidant stress on GPI-PLD mRNA steady-state levels, cells were incubated with medium with or without 500 mol/L H 2 O 2 for 60 minutes. At the end of the incubation, the cells were washed once with ice-cold PBS prepared with diethylpyrocarbonate-treated water. Total RNA was extracted with TriPure (Boehringer). Northern blotting was performed as described previously with a full-length GPI-PLD cDNA isolated from a mouse glucagonoma cell line 30 and labeled with [ 32 P]dCTP (Amersham Life Sciences) by random hexamer priming. Blots were washed to a final stringency of 0.1ϫ SSC with 0.1% SDS at 63°C, vacuum-dried, UV cross-linked, and quantified with a phosphorimager (Molecular Dynamics). ␤-Actin was used as a standard for loading and quality of RNA.
Lectins and Monoclonal Antibodies
The following lectin and antibodies were used as described previously 25 : (1) Ulex europaeus I lectin (titer, 1:1000) to identify endothelial cells, (2) anti-CD68 (Dako Corp) (titer, 1:1000) to identify macrophages, (3) anti-smooth muscle ␣-actin (Dako) (titer, 1:2000) to identify smooth muscle cells (SMCs), and (4) Ox5 (a kind gift of Dr Santica Marcovina, University of Washington) to identify oxidation epitopes. Generation and characterization of the Ox5 antibody have been described previously. 25 
Polyclonal Antisera
GPI-PLD was detected with a rabbit polyclonal antiserum (titer, 1:1500) generated by immunization of rabbits with a peptide (sequence, EASSRFGSSLITVRSKAKNQC) coupled to KLH. The peptide corresponds to residues 771 to 790 of the mature GPI-PLD amino acid sequence, as predicted from the human pancreatic GPI-PLD cDNA. 31 The resulting antiserum was shown to recognize GPI-PLD by Western blotting, immunocapture, and immunofluorescence with pancreatic islets. The antiserum also has been shown to inhibit GPI-PLD activity in vitro (M.A.D., unpublished data, 1998).
Apolipoprotein (apo) A-I was detected with a goat polyclonal antiserum (titer, 1:10 000) (a kind gift of Dr John F. Oram, University of Washington). The anti-apoA-I antiserum has been shown previously to recognize apoA-I but not apoB, apoE, apoA-II, or apoA-IV and has been used for immunoprecipitation of apoA-I from human plasma, for Western blotting, and for immunohistochemistry. 22, 32 Immunohistochemistry Single-label immunohistochemistry was performed as described previously. 22, 25 Standard peroxidase enzyme substrate, 3,3Ј-diaminobenzidine with nickel chloride (Sigma), yielded a black reaction product. The slides were counterstained with methyl green.
Negative controls for each of the antibodies included substitution of primary antibody with either PBS or isotype-matched, irrelevant monoclonal antibodies (for monoclonal antibodies) or nonimmune serum (for polyclonal antibodies) to abolish specific immunohistochemical staining.
Reverse Transcription/Polymerase Chain Reaction
Reverse Transcription
Reverse transcription (RT) was performed by incubating 2 g of total RNA with 50 pmol random hexamer at 70°C for 10 minutes, followed by addition of the following to the final concentrations indicated: 1ϫ reverse transcriptase buffer (Gibco BRL), 0.01 mol/L DTT, 2 U/L RNasin, 0.6 mmol/L each of dGTP, dATP, dTTP, and dGTP, and 500 U Moloney murine leukemia virus reverse transcriptase (Gibco BRL). The mixture then was incubated at 42°C for 1 hour to generate cDNA.
Polymerase Chain Reaction and DNA Sequencing
Polymerase chain reaction (PCR) used 4 overlapping primer pairs (Table) designed to span 2.5 kb of the GPI-PLD cDNA. 31 PCR was performed with 5 L of cDNA, PCR buffer (BoehringerMannheim), 1 mmol/L each of dGTP, dATP, and dCTP, 0.5 pmol each of the 5Ј-and 3Ј-primers, and 10 U Taq polymerase (Boehringer-Mannheim). The tubes were heated on an MJ Research PTC 100-96 thermocycler according to the following protocol: 1 cycle of denaturation at 94°C for 1 minute and annealing/extension at 68°C for 1 minute 15 seconds; 25 cycles of denaturation at 94°C for 30 seconds and annealing/extension at 68°C for 1 minute; and a final extension at 72°C for 10 minutes. Presence of the appropriate PCR product then was confirmed both by molecular sizing with 1% Tris
GPI-PLD Primers Used in PCR-Based Amplification and Sequencing Reactions
Primer Name Sequence PLD5Ј-1
5Ј-GAGGTTCACCGTGTGGCCTTTC-3Ј
PLD3Ј-1
5Ј-GCCATATCATCCAGTCCTCCAAG-3Ј
PLD5Ј-2
5Ј-CCTTGCACGACGCTGGTATGTG-3Ј
PLD3Ј-2
5Ј-GATCCTGTGGGCCTCCTTGTCC-3Ј
PLD5Ј-3
5Ј-CATCCACATCGGGCGCGTGACC-3Ј
PLD3Ј-3
5Ј-GCTTTGGCCGTTTGGTGGGAAG-3Ј
PLD5Ј-4
5Ј-GGGAGCCCGACCTGGAAGAATG-3Ј
PLD3Ј-4
5Ј-TGAGAGAGGTGGGCAGAGTGGG-3Ј
boric acid ethylenediamine tetra-acetic acid (TBE) gel electrophoresis and by direct DNA sequencing of gel-purified PCR products by a PCR-based dye termination method using the Taq-FS polymerase (ABI Prism Dye Terminator Cycle Sequencing Kit, Perkin-Elmer). 33
Results
GPI-PLD Is Specifically Localized to Atherosclerotic Arteries
Immunohistochemistry was performed on 26 nonatherosclerotic and 57 atherosclerotic coronary artery segments. GPI-PLD often was detected in the intima of atherosclerotic coronary artery segments, where both extracellular and cellassociated GPI-PLD could be found (Figure 1 ). Extracellular GPI-PLD ( Figure 1A ) localized to regions that also contained apoA-I ( Figure 1B) , the predominant apolipoprotein of HDL. Cell-associated GPI-PLD ( Figure 1C ) was the most prominent pattern of GPI-PLD immunostaining in atherosclerotic segments. Immunohistochemistry performed on adjacent sections with cell-specific markers for macrophages, SMCs, and endothelial cells demonstrated that cell-associated GPI-PLD was restricted to subsets of foam cell and non-foam cell macrophages ( Figure 1D ). GPI-PLD was not detected in association with either SMCs or endothelial cells. In contrast, GPI-PLD immunostaining was absent from virtually all nonatherosclerotic segments (Figure 2) . In particular, GPI-PLD was not detected in adventitial macrophages, indicating that this population of tissue macrophages does not express GPI-PLD at levels detectable by immunohistochemistry.
Both extracellular and cell-associated GPI-PLD were highly specific for atherosclerosis. However, whereas extracellular apoA-I was detected in all atherosclerotic plaques, extracellular GPI-PLD immunostaining was detected in only 30% of plaques (Figure 3) . Cell-associated GPI-PLD was the most prevalent pattern of GPI-PLD staining in atherosclerosis; it was detected in 95% of atherosclerotic coronary artery segments (Figure 3 ).
Human Monocyte-Derived Macrophages Express GPI-PLD
Although previous studies had reported GPI-PLD enzymatic activity in a variety of macrophage-like cell lines, none had confirmed GPI-PLD mRNA expression, studied human macrophages, or determined the sequence of macrophageexpressed GPI-PLD. To better characterize GPI-PLD expression in human macrophages, total RNA was isolated from 7-day-old human monocyte-derived macrophages and, as a control, from the HepG2 (human hepatoma) cell line. The latter RNA source was chosen because GPI-PLD is expressed in the liver. RT-PCR then was performed with 4 overlapping primer pairs designed to span 2.5 kb of the hepatic and pancreatic mRNAs, a region that includes the entire mature peptide sequence. All 4 PCR products were gel-purified and sequenced to confirm their identity as GPI-PLD products. Products of the predicted sizes of 706, 790, 673, and 771 bp were amplified with each of the 4 GPI-PLD primer pairs from both macrophage and HepG2 cell RNAs (Figure 4) . Sequencing of the 4 macrophage PCR products demonstrated 100% nucleotide sequence identity with the reported sequence for GPI-PLD isolated from pancreatic islets and 96% nucleotide sequence identity with the reported sequence for GPI-PLD isolated from a liver cDNA library. 31 
Cell-Associated GPI-PLD and Cell-Associated Oxidation-Specific Epitopes Colocalize in Atherosclerotic Lesions
Because we hypothesized that GPI-PLD expression might be related to oxidation, immunohistochemistry was performed on adjacent sections with monoclonal antibody Ox5. Ox5 recognizes epitopes formed on proteins by products of polyunsaturated fatty acid oxidation. 25 Colocalization of cell-associated GPI-PLD and Ox5 was found primarily on a subset of foam cell macrophages ( Figure 5 ) but was also present on a subset of non-foam cell macrophages. Correlation of cell-associated staining for GPI-PLD and oxidation epitopes was high in both nonatherosclerotic and atherosclerotic segments ( Figure 6 ). The immunohistochemical localization of GPI-PLD and oxidation epitopes raised the possibility that oxidants might regulate GPI-PLD expression.
Oxidant Stress Increases Steady-State GPI-PLD mRNA Levels in a Macrophage Cell Line
To determine whether oxidant stress regulates GPI-PLD expression, the effect of H 2 O 2 on GPI-PLD expression was examined. J774A.1 is a murine macrophage-like cell line shown previously to contain functionally active GPI-PLD protein. 13 J774A.1 cells were incubated in the presence or absence of 500 mol/L H 2 O 2 for 60 minutes. As shown in Figure 7 , steady-state levels of GPI-PLD mRNA were 50Ϯ3% (meanϮSD) higher (nϭ3, PϽ0.01) in H 2 O 2 -treated than in control J774A.1 cells. This result demonstrates that an oxidant can regulate GPI-PLD expression. It also raises the possibility that oxidant stress may mediate the upregulation of GPI-PLD seen in oxidation epitope-positive plaque macrophages.
Discussion
This study documents the presence of GPI-PLD in human atherosclerosis. The results show that (1) GPI-PLD is highly specific for atherosclerotic compared with nonatherosclerotic Prevalences of extracellular and cell-associated GPI in atherosclerotic and nonatherosclerotic coronary artery segments. Shown are prevalences of extracellular and cellassociated GPI-PLD in 26 nonatherosclerotic (control) and 57 atherosclerotic (plaque) coronary artery segments. Both extracellular and cell-associated GPI-PLD staining are highly specific for atherosclerosis. Cell-associated GPI-PLD is most prevalent pattern of GPI-PLD staining in human atherosclerosis (* 2 ϭ8.01, Pϭ0.0047 vs nonatherosclerotic segments; ** 2 ϭ62.0, Pϭ0.0000 vs nonatherosclerotic segments).
tissue and (2) GPI-PLD colocalizes with oxidation epitopes in a subset of plaque macrophages. Furthermore, this study documents regulation of GPI-PLD expression by exposure to H 2 O 2 . That GPI-PLD was detected almost exclusively in atherosclerotic lesions and not in nonatherosclerotic areas is consistent with a role for GPI-PLD inflammation. The in vivo colocalization of GPI-PLD protein with oxidation epitopes on plaque macrophages and the in vitro upregulation of macrophage GPI-PLD expression by exposure to H 2 O 2 suggest that oxidants may be important regulators of GPI-PLD expression in inflammation.
Extracellular GPI-PLD in Atherosclerosis
Extracellular GPI-PLD staining was found in 30% of atherosclerotic plaques, where it colocalized with some but not all of the apoAI staining. This suggests that extracellular GPI-PLD may be derived from the influx of the GPI-PLD:apoA-I complex from serum. We recently showed that apoA-I localizes to proteoglycan-enriched regions of atherosclerotic plaques. 22 Thus, the selective retention of extracellular GPI-PLD in atherosclerotic plaques could be due to increases in the number and/or affinity of HDL-retaining proteoglycans in atherosclerotic compared with nonatherosclerotic tissue. However, because macrophage cell lines secrete GPI-PLD activity in vitro, 13 it is possible that secretion of GPI-PLD by plaque macrophages might account for some of the extracellular GPI-PLD seen in atherosclerotic lesions.
Cell-Associated GPI-PLD in Atherosclerosis
Cell-associated GPI-PLD, confined to macrophages, was found in nearly all atherosclerotic segments. Macrophage staining for GPI-PLD was seen in both the foam cell and non-foam cell phenotypes. However, only a subset of macrophages expressed GPI-PLD protein at a level detectable by immunohistochemistry. Macrophage expression of GPI-PLD mRNA was confirmed both in human macrophages and in J774 murine macrophage cell line, consistent with a previous report that murine and human macrophage cell lines contain GPI-PLD activity. In addition, our results suggest that some of the macrophage GPI-PLD is derived from endogenous synthesis of GPI-PLD rather than from uptake of exogenous GPI-PLD.
The sequence of human macrophage GPI-PLD mRNA had 100% nucleotide sequence identity to the reported human pancreatic coding sequence. 31 A similar, although not identical, GPI-PLD cDNA has been identified from a human liver cDNA library. The relationship between these 2 forms is unclear. It is possible that they represent products of 2 different genes in humans. In mice, however, only 1 GPI-PLD gene has been identified, 30 raising the possibility that polymorphisms may explain the difference between the 2 reported human GPI-PLD sequences.
These results do not rule out the possibility that all macrophages may express GPI-PLD below the level of detection of immunohistochemistry. However, the observation that only subsets of macrophages have detectable GPI- PLD by immunohistochemistry suggests that GPI-PLD expression may be regulated.
Relationship Between Oxidation and GPI-PLD Expression
The immunohistochemical colocalization of macrophage GPI-PLD and oxidation epitopes in plaque macrophages raises the possibility of a link between oxidants and GPI-PLD expression. This possibility is supported by the observation that phorbol ester both stimulates production of oxidation epitopes in human monocyte-derived macrophages 25 and increases GPI-PLD activity in murine and human macrophage cell lines. 34 Moreover, the in vitro observation of this study that H 2 O 2 increases GPI-PLD mRNA steady-state levels in J774A.1 cells implicates oxidant stress in regulation of GPI-PLD expression and is the first demonstration of regulation of GPI-PLD expression in any system. In future experiments, it will be important to clarify the exact relationship between oxidants and GPI-PLD expression in atherosclerosis.
Potential Role of GPI-PLD in Macrophage Function and Atherosclerosis
One proposed function of GPI-PLD is to cleave and release GPI-anchored proteins. 35 Endogenously produced GPI-PLD releases GPI-anchored proteins from a number of cell types, including bone marrow stromal cells 36 and COS cells cotransfected with GPI-PLD and the GPI-anchored protein alkaline phosphatase. 37 In addition, a number of proteins, including decay-accelerating factor, CD59, and proteoglycans, 5, 6, 38, 39 accumulate in atherosclerotic lesions and may serve as substrates for GPI-PLD. Although GPI-anchored VCAM- 1 has not yet been identified in humans, increased serum levels of soluble adhesion molecules, including VCAM-1, occur in patients with atherosclerosis. 40, 41 Furthermore, basic fibroblast growth factor, which binds to heparan sulfate proteoglycans, is released via GPI-PLD-mediated cleavage of a GPI anchor. 36 Finally, oxidative stress has been proposed to play a central role in the pathogenesis of atherosclerosis by mediating cytotoxicity/apoptosis, inducing cellular proliferation and regulating expression of a number of proatherogenic genes. 25, 42, 43 We speculate that increased expression of GPI-PLD in macrophages may participate in these processes. Collectively, these observations raise the possibility that GPI-PLD-mediated release of GPI-anchored proteins and/or the generation of free glycosylphosphatidylinositols involved in inflammation may represent a response to oxidative stress and play a role in atherogenesis. Figure 6 . Prevalences of cell-associated GPI-PLD and oxidation epitopes in nonatherosclerotic and atherosclerotic human coronary artery segments. Prevalences of extracellular and cellassociated GPI-PLD in 26 nonatherosclerotic (control) and 57 atherosclerotic (plaque) coronary artery segments. Cellassociated GPI-PLD and oxidation epitopes both were detected infrequently in control coronary segments, but both were detected in vast majority of plaques (* 2 ϭ62.0, Pϭ0.0000 vs nonatherosclerotic segments; ** 2 ϭ69.6, Pϭ0.0000 vs nonatherosclerotic segments). Figure 7 . GPI-PLD expression is upregulated in a macrophage cell line by oxidant stress. J774A.1 cells were incubated in presence or absence of 500 mol/L H 2 O 2 for 60 minutes, and GPI-PLD mRNA steady-state levels were determined by Northern blotting as described in Methods. A, Example of Northern blot analysis from a single experiment. B, Results from 3 independent experiments. GPI-PLD mRNA is normalized to ␤-actin mRNA. H 2 O 2 has no effect on ␤-actin mRNA levels.
